Introduction
In 1989 Murre, McCaw and Baltimore identified a region present in ten DNA binding proteins from animals that shared a significant number of identical amino acids. This region has become known as the basic helix-loop-helix (bHLH) domain. The proteins containing this domain have broad functions in regulating cell proliferation and cellular differentiation pathways and include human c-Myc, the myoblast determination factor MyoD, as well as Achaete and Scute from Drosophila melanogaster that define the initial steps in neural development. Also in 1989, Ludwig et al. reported the molecular identification of Lc, a regulator of anthocyanin biosynthesis in Zea mays and showed that the predicted protein shared the bHLH domain. With the identification of the Ino4p protein from yeast (Berben et al. 1990) , it became clear that bHLH proteins constitute a ubiquitous family of regulators in eukaryotes and that the bHLH domain is an ancient component of transcriptional regulation. Moreover, recent genome sequencing and EST programs indicated the existance of many more bHLH genes in various eukaryotic species.
Typically, a bHLH domain comprises a stretch of about 18 hydrophilic and basic amino acids at the N-terminal end of the domain followed by two regions of hydrophobic residues predicted to form amphipathic α-helices separated by an intervening loop (Murre et al. 1994) . Studies with mammalian bHLH proteins have shown that the conserved HLH structure is required for dimerization between two bHLH proteins (Ferré-D'Amaré et al. 1993; Ellenberger et al. 1994; Ferré-D'Amaré et al. 1994) . The specificity for a particular partner protein resides in the α-helices, and for a sequence-specific interaction with DNA the basic regions of both polypeptides are required. Although the bHLH domain is conserved between animals and plants, the dimeric structure of the DNA binding complex in plants has only been inferred from the conserved amino acid sequence. Most, although not all, plant bHLH proteins which have been studied so far have been shown to modulate gene expression by binding DNA.
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To date few plant bHLH genes have been studied in detail but those that have, have provided insights into the central roles of TFs in biology, and into their biochemical function. Genetic analysis of the anthocyanin biosynthetic pathway in Z. mays has identified a group of bHLH genes required for production of the purple anthocyanin pigments: R (R-s and R-p), B, Lc, Sn (Neuffer, Coe and Wessler 1997, pp. 367-369) and R-ch Hopi (Petroni et al. 2000) . The encoded bHLH proteins interact with members of another group of TFs in Z. mays -Cl or P, both R2R3-MYB proteins -and together they control pigmentation in tissues wherever the two proteins are expressed together. Other members of the R gene family in Z. mays and other species are also believed to interact with MYB proteins to regulate anthocyanin production in a tissue-specific manner. The bHLH/MYB partnership has been shown to be important in the differentiation of A. thaliana trichomes through the interaction of a bHLH protein encoded by GLABRA3 (GL3) and the R2R3-MYB protein GLABROUS1 (GL1; Payne, Zhang and Lloyd 2000) . Phytochrome interacting factor 3 (PIF3) is a bHLH protein necessary for light signalling mediated by the photoreceptor phytochrome B (PhyB) in A. thaliana (Ni, Tepperman and Quail 1998; Halliday et al. 1999) . Recently it has been shown that PhyB in its active form interacts with DNA-bound PIF3 suggesting a mechanism for direct activation of photo-responsive genes by a light signal (Martinez-Garcia, Huq and Quail 2000) .
Within the A. thaliana genome (The Arabidopsis Genome Initiative 2000), 32 families of genes have been identified as encoding TFs that contain three or more members (Riechmann and Ratcliffe 2000) . Each family is characterised by a unique region of highly conserved amino acid sequence, which usually comprises the DNA binding domain. From comparative analysis of these conserved domains it is apparent that within each gene family there are sub-groups of genes that are structurally more closely related to each other than to other members of the family. Regions of TFs outside of the DNA binding domain often contain short amino acid sequence motifs or domains that are also conserved. The prediction is that proteins within a sub-group that share these smaller motifs will share similar (but not necessarily identical) functions. Where information on function is available, different members of a sub-group of genes tend to share very similar or related functions, even though the biological functions of the particular TF family as a whole may be very broad (for example the AP2 family (Riechmann and Meyerowitz 1998) , the R2R3-MYB family (Stracke, Werber and Weisshaar 2001) , or the MADS-box family (Becker et al. 2000) ).
Therefore an assessment of the structural relationships between all A. thaliana bHLH genes should provide a guide for prediction of gene function and for elucidation of the range of activities carried out by members of the bHLH gene family. At least for related groups of animal genes, the amino 5 acid sequence of the bHLH motif has retained sufficient information to identify evolutionary relationships (Atchley and Fitch 1997) . In this article, structural analysis is presented for all A.
thaliana genes encoding proteins with a bHLH motif. Gene and protein sequence prediction is based on sequence information from newly isolated cDNAs. The results of the structural relationships between the proteins are discussed in the context of the functional diversity of this family of TFs in plants. 
Materials and Methods

Identification of bHLH Motifs in the A. thaliana Genome Sequence
Using a consensus sequence based on that predicted by Atchley and Fitch (1997) for the bHLH motif, A. thaliana genomic DNA sequence was scanned using the TBLASTN algorithm (Altschul et al. 1997 ). In addition, DNA sequences corresponding to ORFs predicted by the A. thaliana genome annotation (TAIR: www.arabidopsis.org; MIPS: mips.gsf.de/proj/thal/) were scanned for the bHLH motif. To this collection of putative bHLH genes, additional candidate bHLH genes were added which encode proteins containing the INTERPRO domains IPR001092, IPR003015 (www.ebi.ac.uk/interpro/) and/or the PROSITE motif PS00038 (www.expasy.ch/prosite). Finally, following the identification of groups of genes with distinct but similar sequence, the PSI-BLAST algorithm (Altschul et al. 1997 ) was used to search for more bHLH genes belonging to each group that may have escaped the initial database searches. Previously, some genes had been classified as of the bHLH type which did not encode a bona fide bHLH motif according to our definition (lacking several amino acids that were highly conserved). These were excluded from the analysis.
The exon-intron structure prediction for each gene was improved by using a combination of gene modelling programs (GeneMark: opal.biology.gatech.edu/GeneMark; GeneScan:
genome.dkfz-heidelberg.de/cgi-bin/GENSCAN/genscan.cgi) and comparison with available ESTs.
Where ESTs were not available, the predicted protein and the genes most closely related to it were aligned and the gene model was altered manually if there was evidence for greater similarity in gene structure than predicted. In some cases, small exons in the basic region were missing in the existing predictions (e.g. AtbHLH16).
Isolation and sequencing of cDNAs for the A. thaliana bHLH TFs
In order to verify the open reading frames (ORFs) for each bHLH gene and to confirm expression, cDNAs corresponding to the majority of genes were isolated using the Rapid Amplification of cDNA Ends (RACE) protocol (Frohman, Dush and Martin 1988) . If available, cDNAs encoding bHLH proteins identified in EST collections were sequenced. All sequencing was on both strands. DNA sequences were determined by the MPIZ DNA core facility on Applied 7
Expression Analysis
Total RNA was isolated from cultured A. thaliana cells (At7; Trezzini, Horrichs and Somssich 1993 ) that were submitted to eight different treatments: untreated, incubation for 6 h at 4° C in the dark, at 37 °C in the dark, incubation under UV light at 28 °C and incubation with 10 µM 1-aminocyclopropan-1-carboxylic acid at 28 °C. To simulate a stress response to pathogen attack, cell cultures were also incubated with 1 µM Flagellin22 at 28 °C, with 10 µM methyl-jasmonate for 40 minutes at 28 °C or 10µM salicylic acid for 40 min at 28 °C. In addition, RNA was isolated from roots, leaves, stems and flowers and siliques of 6 to 8 week old plants grown in the greenhouse under long day conditions. Using CDSIII-NotI primer (ATTCTAGAGGCCGAGGCGGCCGCCATG(T 30 )VN), 5 µg of each RNA was reverse transcribed in a 20 µl reaction with Superscript II RT polymerase (Invitrogen). After addition of 100 µl water, 1 µl of the diluted reaction was used for a first round of PCR with a gene-specific primer and CDSIII-NotI. PCR was carried out in a 96 well format where 8 different genes could be probed against the array of 12 cDNA samples. After a first denaturation step of 2 min at 94°C and 30 cycles of 20 sec at 94°C, 20 sec at 60°C and 2 min at 72°C, an aliquot of 1 µl of each reaction was transferred to a new 96 well plate and subjected to a second round of PCR with the same conditions as in round one except that a second, nested gene-specific primer was included.
Resulting PCR fragments were analysed on gels and bands of the expected size were extracted and subsequently inserted into pTOPO (Invitrogen). Two to six clones were sequenced for each gene.
Clustering of bHLH Genes into Groups and Sub-Groups
For each gene, only the amino acid sequence from the bHLH domain was used for creating a manually edited alignment for sequence comparison with the CLUSTALW (Thompson, Higgins and Gibson 1994) program. A similarity tree was constructed (neighbour joining algorithm) followed by bootstrap analysis using PHYLIP (Felsenstein 1993) . Based on the sequence information 500 trees were calculated and all branches that appeared in more than 250 trees were used to calculate the final clustering (Fig.4) . In addition we used the MEME analysis tool (Bailey and Elkan 1994) to search for domains shared by the AtbHLH proteins.
Results and Discussion
The A. thaliana Genome Contains 133 Genes with a bHLH Motif A consensus sequence derived from an alignment of well-known plant sequences in the region surrounding the HLH motif was used to identify bHLH genes in A. thaliana (Fig.1a) . Variations from this consensus were observed in a number of genes, but a high degree of conservation was observed in those positions that are known to have important functions in DNA binding and protein dimerisation. The frequencies of each amino acid at every position in the bHLH domain deduced from all 133 bHLH genes are shown in Fig.2 . Within those bHLH proteins with proven ability to bind DNA, the amino acids at positions 5, 9 and 13 are the most critical. Non-plant bHLH proteins with His-Glu-Arg (H-E-R) at positions 5, 9 and 13 have been shown to bind to a variation of the E-box hexanucleotide sequence (E-box: CANNTG, variation: CACGTG) with His5 and Glu9 residues in contact with the outer two nucleotides and Arg13 in contact with the two inner nucleotides of the motif (Brownlie et al. 1997; Atchley, Terhalle and Dress 1999; Ledent and Vervoort 2001) . The DNA backbone is contacted by the basic residues at positions 10 and 12 and these are also conserved in the majority of plant proteins. The highly conserved hydrophobic residues in helix 1 and 2 are believed to be necessary for dimerization. For example, the structure of the human MAX protein dimer bound to DNA requires Leu23 in helix 1 to contact the corresponding Leu23 in the second bHLH polypeptide and confer stability to the DNA-protein dimer complex (Brownlie et al. 1997 ). In A. thaliana a leucine residue is present at position 23 in every bHLH protein which emphasizes the likely importance of this residue in dimerisation.
Despite being well studied, there are some plant proteins (the R-like proteins) for which there is no evidence of dimerisation. However, based on the analysis presented ( Fig.2 ) and the obvious importance of Leu23 in MAX dimerisation, it is reasonable to suppose that R proteins do form dimers. Dimer formation is also known to be stabilized further by conserved hydrophobic residues in helix 2 which are located to one side of the helix. These hydrophobic residues are also conserved in plant proteins in a similar configuration as detected by helical-wheel analysis (data not shown).
In total, 133 AtbHLH genes were identified fitting well to the consensus presented in Fig.2 .
This contrasts with the number of 139 claimed by Riechmann and Ratcliffe (2000) . Unfortunately, the annotation data used by these authors are not available for comparison. A generic name (AtbHLH001 to AtbHLH133) was given to each bHLH gene, including those that had already been named in previous publications. The numbering system we chose provides a unique identifier for each bHLH gene as proposed for the A. thaliana, MYB, WRKY and bZIP TFs (Kranz et al. 1998; Romero et al. 1998; Eulgem et al. 2000; Jakoby et al. 2002) .
The predicted gene structure of 87 bHLH genes was verified by performing 3' RACE PCR on 12 different cDNA sources. The results highlighted a number of incorrectly annotated ORFs (37 % of all annotated bHLH genes) that had been predicted by the A. thaliana genome annotation.
Fourty-seven entries were corrected using our RACE PCR results, including AtbHLH125 (At1g62975) which was newly annotated; this genome region was originally described as a noncoding repeat rich region. These new cDNA accessions have been deposited at GenBank with the assigned AtbHLHxyz gene name (Fig.4 ) and the new ORF structure has been submitted to MAtDB at MIPS. The results of the RT-PCR experiment also provided a preliminary impression of the expression profile of these genes (Fig.3) . In total at least 113 bHLH genes can be confirmed as being expressed in A. thaliana, including genes previously characterized. Most of the genes tested on all 12 cDNA sources have a very broad expression spectrum; very few are specific for particular tissues (AtbHLH039, 040, 050 and 101) or treatments (AtbHLH085). Since this PCRbased approach was designed for the maximum amplification of cDNAs it does not provide any insight into the relative expression levels of the genes. However, our results provide the basis for the creation of cDNA (and other) arrays with a high coverage of bHLH genes.
The TCP (TB1-CYC-PCFs) family is a small sub-group of proteins sharing a common motif that is predicted to form a basic-helix-loop-helix structure (Cubas et al. 1999) . Two rice proteins from this gene family, PCF1 and PCF2, have been shown to bind DNA and the importance of the bHLH motif in the binding ability of PCF1 has been demonstrated by deletion analysis (Kosugi and Ohashi 1997). However, although these TCP proteins have a DNA binding domain with a predicted secondary structure similar to bHLH proteins, their primary amino acid sequences are unrelated to that of all other members of the bHLH family, including other eukaryotes (Fig.1b) .
Therefore, TCP proteins are not considered further in our study. It is possible that the TCP bHLHlike structure and the bHLH structure of the conventional bHLH proteins provide an example of convergent evolution.
The Structural Relationships Between Plant bHLH Genes
Based on the amino acid alignments of 133 bHLH domains, a comparative tree was constructed. The clustering showed that there are 12 major groups (sub-families) of related sequences which were strongly supported by bootstrap analysis. The conclusions from this analysis are presented in Figure 4 with closely related genes within sub-families grouped together.
Comparing all aspects of gene structure, genes within each sub-family contain a similar number of introns with conserved positions, and show similar predicted lengths for the encoded proteins and similar positions for the bHLH domain within the protein. In many sub-families, the proteins also share related amino acid sequences outside the DNA binding domain (Fig.4) . These motifs give added support to the clustering obtained using the DNA binding domain alone and in several cases help to separate the sub-families further into sub-groups. Some of these motifs probably act as activation domains and may also be important for interaction with other modules of the transcription complex, or may be targets of signal transduction chains. For example, proteins belonging to sub-groups IIId, IIIe and IIIf have a conserved stretch of amino acids positioned towards the N-termini of the proteins which is found only in plant bHLH proteins (Fig.4) . Amino acids within this region are predicted to form α-helixes some of which are highly amphipathic (Goff, Cone and Chandler 1992) . A conserved aspartate residue in this region (within motif 11) of the AtbHLH005/ATR2 protein appears to be functionally important for correct expression of several downstream target genes that belong to the tryptophan biosynthesis pathway (Smolen et al. 2002) . Between the bHLH domain and the conserved N-terminal domain is a sequence rich in acidic amino acids with significant negative charge (Lc, Ludwig et al. 1989; B, Radicella, Turks and Chandler 1991; DEL, Goodrich, Carpenter and Coen 1992) , a feature of activating domains identified in known transcriptional activators (Ptashne 1988). Using trans-activation assays Goff, Cone and Chandler (1992) demonstrated that a region of the anthocyanin regulator B, comprising the N terminal domain and part of the acidic region, was important for activation of a Bz1 promoter-reporter construct. However activation only occurred when the C1 MYB protein was also present in the assay, indicating that an interaction of B with C1 was necessary to obtain an active transcription complex. The interacting region within C1 was mapped to the MYB DNA binding domain (Goff, Cone and Chandler 1992) and more recently, particular amino acids within the MYB domain of C1 have been shown to be important for an interaction with the R bHLH protein (Grotewold et al. 2000) . It is not clear whether R-like bHLH proteins (group III) bind DNA in the bHLH-MYB complex or whether DNA binding occurs only via the MYB partner; to date only C1 has been shown to bind cis-acting elements in the promoter of the Z. mays A1 (DFR) gene (Sainz, Grotewold and Chandler 1997) . Within bHLH group III, B is most similar to A. thaliana AtbHLH012/MYC1, a bHLH protein from A. thaliana identified by Urao et al. (1996) .
The Z. mays Intensifier1 gene product (In1, Burr et al. 1996 ) also belongs to group III and is more closely related to PhAN1 (ANTHOCYANIN1 of Petunia hybrida; Spelt et al. 2000) and (Quattrocchio et al. 1998) (Abe et al. 1997; de Pater et al. 1997) . The tomato Fer gene -structurally closely related to A. thaliana group III bHLH genes -has been shown recently to have a role in iron uptake in roots (Ling et al. 2002) and so the diverse functional nature of this group of bHLH proteins in A. thaliana is emerging.
Members of group IV have a highly conserved leucine zipper (ZIP) motif adjacent to the second helix of the bHLH motif. The ZIP domain is predicted to adopt a coiled-coil structure that permits dimerisation between proteins (Lupas 1996) . Some animal proteins also contain a ZIP domain in the same position as the plant bHLH-ZIP proteins, and a few members of group III also have a partially conserved ZIP motif. In animal bHLH-ZIP proteins, there is evidence that the ZIP motif stabilizes protein dimers (Brandt-Rauf et al. 1989; Bresnick and Felsenfeld 1994) and that particular residues within the ZIP domain determine dimerization specificity (Marchetti et al. 1995) . The function of the plant group IV bHLH-ZIP proteins are unknown.
Recently, three members of group XII, AtbHLH044/BEE1, AtbHLH058/BEE2 and 
Evolution of bHLH Protein Structure And Function
In their phylogenetic classification of animal bHLH protein sequences, Atchley and Fitch (1997) identified more than 24 protein lineages containing proteins with related function. They found that these lineages could be organized further into five groups (A to E) that relate to the preferred DNA binding sequence of the proteins within each lineage. Within each group proteins bound to a variation of the palindromic hexanucleotide sequence CANNTG known as the E-box motif. Patterns of amino acids were found at three positions within the basic region of the bHLH motif (the 5-9-13 configuration) that defined the five different sub-groups very accurately and suggested that the amino acid sequence motif of group B, with an H-E-R configuration, was the ancestral sequence (Atchley and Fitch 1997) .
In A. thaliana, three proteins, namely PvPG1, AtbHLH006/rd22BP1/RAP-1 (both group III), and more recently AtbHLH008/PIF3 (group VII; Martinez-Garcia, Huq and Quail 2000) have been shown to bind a sequence identical or very similar to the B variant of the animal E-box motif which is also identical to the G-box core motif (CACGTG), a ubiquitous regulatory DNA element found in plants that is also bound by some bZIP TFs (Menkens, Schindler and Cashmore 1995).
The majority (87 out of 133) of A. thaliana genes have the H-E-R configuration within the bHLH domain that is found in members of group B from animals ( Fig.4) , suggesting that plant bHLH proteins evolved from one or several members of group B that were present in early eukaryotic lineages. In this context it is also interesting that seven plant bHLH proteins in group IV contain their ZIP motif in the identical position to animal bHLH-ZIP proteins which all, with one exception, belong to the class B proteins. Some plant proteins, notably members of groups VIII and X, have a variation of the H-E-R configuration and contain helix-breaking prolines in the basic region (Fig.4) , characteristics that may interfere with affinity for DNA. These variations may enable these proteins to act as negative regulators, retaining the ability to dimerize with other bHLH proteins but lacking the ability to bind DNA. This makes group X members candidates for a classification into group D according to Atchley and Fitch (1997) .
From comparative studies it is apparent that the bHLH motif was present in early eukaryotes and that the sub-families of genes distinguishable today have emerged following the separation of plants, animals and fungi (Ledent and Vervoort 2001) . A. thaliana possesses more bHLH genes than are found in Caenorhabditis elegans or D. melanogaster (39 and 59 genes, respectively), but is comparable to that obtained for human and mouse, 125 and 102 respectively (Ledent, Paquet and Vervoort 2002) . Although no striking similarities in gene structure were detected between plants and these other lineages, except for similarities to animal group B proteins, it is still possible that some plant proteins have retained functions possessed by the ancestral eukaryotic proteins such as the developmental control of cell lineages. For example MyoD and related proteins are involved in the determination of muscle cell lineages and expression is confined to these cells. They interact with the ubiquitously expressed E12 family of bHLH proteins to produce active hetero-dimers (French et al. 1991) . E12 and related proteins are also involved in the determination and maintenance of other cell types through their ability to dimerize with other proteins that are expressed in specific cell lineages (Littlewood and Evan 1998, pp. 27-35) .
Recently, two members of the plant group VII have been shown to be important in the development of floral structures. Mutants in the gene AtbHLH024/SPATULA are defective specifically in the development of the style and stigma and with strong mutant alleles cells comprising the pollen transmitting tract tissue do not form (Alvarez and Smyth 1999; Heisler et al. 2001 ). However, expression is not confined to these tissues indicating that SPATULA may have additional roles in other aspects of growth and development. The other member of group VII, AtbHLH073, is the most closely related A. thaliana protein to SPATULA and is responsible for the differentiation of a non-lignified cell layer necessary for cell separation during dehiscence (Rajani and Sundaresan 2001) .
Mediating responses to the environment may be another ancient function retained by plant bHLH proteins, for example, controlling responses to light and interacting with components of the circadian clock. The PIF-like 1 protein (AtbHLH124/PIL1; group VII) has been shown to interact with APRR1, a factor that has been implicated in circadian rhythms (Makino et al. 2002 ) and belongs to a class of pseudo response regulators that are components of signal transduction systems. In addition, AtbHLH008/PIF3 (group VII) can regulate expression of the circadian clock genes CCA1 and LHY suggesting that this protein provides an entry point to phytochrome regulation of the circadian clock (Martinez-Garcia, Huq and Quail 2000) . Studies indicate that light regulation and control of bio-rhythms are functionally inter-related and possibly have a common evolutionary origin (Kay 1997). Photoreceptor proteins and protein components of the circadian clock from species belonging to several kingdoms of life contain PAS (PER-ARNT-SIM) domains (Nambu et al. 1991 ) that have been shown to mediate protein-protein interactions.
These include the D. melanogaster PER protein that interacts via its PAS domain with TIMELESS to regulate the circadian clock (Zeng et al. 1996) , and the WHITE COLLAR 2 protein (WC2) from Neurospora crassa that is involved in the blue light regulation of gene expression (Linden and Macino 1997) and has also been shown to be a clock component (Crosthwaite, Dunlap and Loros 1997) . A PAS-like domain has been identified in PIF3 and a related protein, PIF4 (Huq and Quail 2002) , but in both cases the domain shows only modest similarity to animal PAS domains although the region encompassing the PAS domain in PIF3 is important for the interaction of PhyB (Ni et al. 1996) .
Protein-Protein Interactions and their Importance in Gene Regulation
In mammals and D. melanogaster there are many instances in which bHLH proteins have been shown to homo-dimerize or hetero-dimerize as a means of controlling transcription (Littlewood and Evan 1998) . The ability to hetero-dimerize allows a large number of potential DNA binding complexes that may have different biochemical properties -including variable DNA binding characteristics and activation or repression potentials -thereby creating a lot of opportunities for regulating different genes or sets of genes. In plants, dimerisation has been shown for two related members of group VII, AtbHLH008/PIF3 and AtbHLH026/HFR1/REP1, with proposed dominant roles in phytochrome B and phytochrome A signalling, respectively (Halliday et al. 1999; Fairchild, Schumaker and Quail 2000; Soh et al. 2000) . In yeast-two-hybrid experiments, PIF3 binds preferentially to PhyB rather than PhyA as well as being able to interact with itself (Zhu et al. 2000) ; AtbHLH026/HFR1/REP1 binds to neither phyA or phyB, but does bind to PIF3 suggesting hetero-dimerization between the DNA binding sites (Fairchild, Schumaker and Quail 2000) . Recently the AtbHLH009/PIF4 protein which is closely related to PIF3 has been shown to have a role in phyB-regulated de-etiolation as a negative regulator (Huq and Quail 2002) . PIF4 and PIF3 have similar biochemical properties but unlike PIF3, PIF4 is unable to bind to the active form of PhyB when bound to the G-box element. In addition, PIF4 cannot regulate G-box-containing gene promoters including those of the circadian clock genes CCA1 and LHY which are targets of PIF3 (Martinez-Garcia, Huq and Quail 2000) . Structurally, the most similar gene to PIF4 in A. thaliana, AtbHLH065 (Fig.4) appears on a duplicated section of the A. thaliana genome, so it may have functions similar if not identical to PIF4. Sub-group VIIa contains several more genes encoding factors which are related to PIF3, PIL1 and PIF4 that have not yet been studied (AtbHLH015, AtbHLH023, AtbHLH056, AtbHLH119 and AtbHLH127) but which have (due to their strong structural similarity) the potential also to be involved in aspects of phytochrome signalling. These five genes may have redundant functions since two are found in duplicated sections of the genome and one is part of a cluster of four structurally similar genes suggesting recent duplications of these bHLH genes in A. thaliana (Fig.4) .
Interactions can also occur between different classes of TFs. For example, members of bHLH group III associate with R2R3-MYB proteins. In a similar way to the Z. mays bHLH protein B which interacts with the R2R3-type MYB protein C1 to create an active transcription complex (Goff, Cone and Chandler 1992) , bHLH TFs related to B from other species also behave as coactivators of MYB proteins to induce anthocyanin biosynthetic genes (PhJAF13; Quattrocchio et al. 1998) . AtMYC1 is the most closely related protein in A. thaliana to these R-like proteins but is phylogenetically distinct from two other regulators of anthocyanin biosynthesis, ANTHOCYANIN1 (AN1) from Petunia (Spelt et al. 2000) and TT8 from A. thaliana (Nesi et al. 2000) . Together with a MYB protein (AN2 in P. hybrida, TT2 in A. thaliana) these bHLH proteins can regulate a specific part of the anthocyanin pathway, downstream of dihydroflavonol biosynthesis. In transfection assays, co-expression of PhAN1 or PhJAF13 with PhAN2 (a P. hybrida R2R3-MYB) resulted in much stronger activation of the DFR target gene than if either PhAN1 or PhJAF13 were expressed alone (Spelt et al. 2000) . Interestingly, when PhAN1 was coexpressed with ZmP, a R2R3-MYB protein that activates a branch of flavonoid biosynthesis in Z. mays maternal seed tissues, expression was enhanced 10-fold more than if ZmP was expressed alone; this did not happen if PhJAF13 was co-expressed with ZmP (Spelt et al. 2000) . This experiment suggests that at least under certain conditions specific bHLH factors differ in their affinities for particular MYB proteins and is a reflection of their structural differences.
The AtbHLH001/GL3 protein that controls trichome development in A. thaliana interacts with the R2R3-MYB protein AtMYB0/GLABROUS1 (GL1) in yeast-2-hybrid experiments (Payne, Zhang and Lloyd 2000) . GL1 and GL3 positively control expression of the homeodomain transcription factor GLABRA2 (GL2; Rerie, Feldmann and Marks 1994) but it is not known how GL2 then induces the cellular requirements for the directional shaping of a developing trichome cell. Interestingly, GL1 and WEREWOLF (WER) belong to the same sub-group of R2R3-MYB proteins (subgroup 15; Stracke, Werber and Weisshaar 2001) but control opposite epidermal cell fates: WER is expressed specifically in non-hair cells of root epidermis to prevent hair formation whilst GL1 promotes trichome formation being expressed only in shoot epidermis. The biochemical function of the WER protein is likely to be identical to that of GL1 because each gene can complement the mutant phenotype of the other when expressed from the reciprocal promoter (Lee and Schiefelbein 2001) . In this case function is dependent on cell-specific expression and the other (co-localised) TFs with which each protein can interact. Some specificity might come through the differential expression of bHLH genes since GL3 does not affect root hair formation.
There is also evidence that another member of group III, AtbHLH006/rd22BP1/RAP-1, interacts with the R2R3-MYB protein AtMYB2 to activate gene expression from a dehydration and ABA-responsive promoter element (Abe et al. 1997 ). In conclusion, bHLH/MYB interactions are probably conserved for group III bHLH proteins and for members of MYB sub-groups 5, 6 and 15 (Stracke, Werber and Weisshaar 2001) , but it remains to be clarified whether interactions are confined to the protein products of these particular gene clades or are more widespread. The Nterminal region conserved in group III bHLH proteins may be involved in bHLH/MYB interactions and could provide the specificity for particular protein-protein interactions (Goff, Cone and Chandler 1992) .
Future Perspectives
It is likely that the main groups of bHLH genes identified here are present in all higher plants and have evolved specific functions with different biochemical properties. The current challenge is to assign functions to all these sub-groups and the genes within them. Although the recent work on group VII proteins illustrates that functions can be diverse within a sub-group, in other cases conservation of function between proteins of the same sub-group may be high. One reason could be that the A. thaliana genome contains sections of sequence duplication covering at least 60 % of the entire genome which might have arisen from an tetraploidisation event (Blanc et al. 2000) . By searching for bHLH genes within these regions (MIPS Redundancy Viewer: mips.gsf.de/proj/thal/db/gv/rv/) we estimate that duplication events account for 51 (40%) of the 133 genes (Fig.4) . As expected, each duplicated gene pair detected falls within the same major clade of bHLH genes. In seven instances there are up to four bHLH genes arranged in tandem and often only one gene of the cluster is present on a duplicated section. This may be because clusters have arisen by gene duplication after a major segmental duplication event or because genes have been lost from clusters after a major segmental duplication event. However the clustering analysis shows that pairs of strucurally very similar genes exist (data not shown) that are not in corresponding duplicated regions or in tandem repeats. These genes may have arisen following large segmental duplications but have been translocated subsequently to other regions of the genome, in which case they are likely to share similar functions.
Major segmental duplication events appear to have occurred at different times during angiosperm evolution, possibly including a polyploidisation event (Blanc et al. 2000; Vision, Brown and Tanksley 2000) and the more recent duplication events may have contributed significantly to the phenomenon of gene redundancy (Pickett and Meeks-Wagner 1995) . Combining the data on inferred gene duplications with clustering analysis of genes from one species (Fig.4) provides a framework for visualizing the likely functional diversity within groups of related genes such as those encoding bHLH proteins. From theses data educated guesses can be made concerning gene redundancy which will be important information for estimating the number of knock-out mutations required for observing altered phenotypes for closely related genes. From structural similarities we estimate that the bHLH family includes at least 33 discernable functions in transcriptional regulation. An automated interrogatory gene tree would be a useful aid for providing clues to the functions for bHLH proteins in other model and crop species and would allow subsequent experiments on these genes to be designed more effectively. Knowledge about the structure of the AtbHLH gene family, and the option to integrate new bHLH genes from other plant species into this frame, will further facilitate the identification of the functions of bHLH genes in plants. Columns 1-8, RNA isolated from cell cultures: 1, untreated; 2, incubated at 4 °C for 6 h in the dark; 3, incubated at 37° C for 6 h in the dark; 4, incubated under UV light for 6 h; 5, incubated with 10 µM 1-aminocyclopropan-1-carboxylic acid for 6 h; 6, incubated with 1 µM Flagellin22 for b references not mentioned in text: MYC7E, PIL2 and ZCW32 sequences were directly submitted to GenBank. AtbHLH002/Atmyc-2/EGL1 (enhancer of glabra3) data were submitted by Alan M. Lloyd and F. Zhang (1997) directly to GenBank as Atmyc-2 and published as EGL1 (Bernhardt et al. 2001; Zhang et al. 2001) . 
